
NASA/TM-2003-2 12408 

Profile Optimization Method for 
Robust Airfoil Shape Optimization 
in Viscous Flow 

WU Li 
Lanyley Research Center, Hampton, Virginia 



Tlir. NASA STI Prograin OfFicct . . . in Profile 

Since its fouiidiiig, NASA lias heeii dedic:at,ed 
t,o the advancxtInent of ac?ronaiit,ics and space 
science. The NASA Scientific: and Tdinical 
Infoririat,iori (STI) Program 0fic:e plays a 
key part, in lielping NASA riiairitairi this 
iniportant role. 

The NASA STI Program 0 f i c : c :  is operated 
by Larigley R.cst:arcli Ccnter, the load c:eiit,or 
for NASA’s scientific: and toc:hnic:al 
information. Tlic: NASA STI Program Offiee 
provides a(:coss to t,he NASA STI Database, 
the largest c:olleetioii of aeronaiitic:al arid 
space science STI in t h ?  world. The Program 
Office is also NASA’s institutional 
riieclianisrn for dissemiriat,ing the results of 
its research and tlrwciloprnerit, act ivitks.  
These results are published by NASA in the 
NASA STI Report Series, which includes the 
following report types: 

TECHNICAL PUBLICATION. Reports of 
completed research or a ma-jor significant 
phase of research that, present, the results 
of NASA programs arid include extensive 
data or theoretical analysis. Includes 
compilations of significant, scientific and 
technical data arid iriforrnation deemed to 
be of continuing reference value. NASA 
counterpart of peer-reviewed formal 
professional papors, but having less 
stringent limitations on manuscript length 
and extent of graphic: presentations. 

TECHNICAL MEMORANDUM. 
Scientific and technical findings that are 
preliminary or of specialized interest, e.g., 
quick release reports, working papers, arid 
bibliographies that contain rninirrial 
annotation. Does not contain extensive 
analysis. 

CONTRACTOR REPORT. Scientific and 
technical findings by NASA-sponsored 
contractors and grantees. 

a C 0 NFER.E N C E PUB LI CAT10 N . 
Collected papers frorii scientific arid 
tec:linical conferences, symposia, seiiiiiiars, 
or other Ineetiiigs spoiisorctd or  
co-sponsorod by NASA. 

0 SPECIAL PUBLICATION. Scientific, 
t,oc:hiiical, or historical iiiforniatioii frorii 
NASA programs, projcc:t,s, arid missions, 
often co~i(:erne:d with sul)jects having 
substantial public interest. 

a TECHNICAL TR.ANSLATION. Eiiglish- 
langiiage traiislatioiis of foreign scientific: 
and t,eclinical niat,erial portinent to 
NASA’s mission. 

Specialized services that, complerno~it the 
STI Program Office’s diverse offerings 
iriclude creating ciistorn thesauri, building 
customized databases, organizing and 
publishing research results . . . eveii 
providing videos. 

For more information about the NASA STI 
Prograrri Office, see the following: 

0 Access the NASA STI Program Home 
Page at http://www.sti.nasa.gov 

help& ti. nasa.gov 
a E-mail your question via the Internet to 

a Fax your question to the NASA STI Help 
Desk at  (301) 621-0134 

a Phone the NASA STI Help Desk at  (301) 
621-0390 

a Write to: 
NASA STI Help Desk 
NASA Cent,er for AeroSpace Information 
7121 Standard Drive 
Hanover. MD 21076-1320 



NASA/TM-2003-2 12408 

Profile Optimization Method for 
Robust Airfoil Shape Optimization 
in Viscous Flow 

WTL Li 
Larigleg Research Center, Hampton, Vz~ginza 

National Aeronautics arid 
Space Administration 

Langley Research Cerit,er 
Hampton, Virginia 23681 -2199 

May 2003 



Ackiiowledgmeiits 
R'e woiiltl like t o  tliank Eric Niolscn and hiark Chaffhi for thrir assist aiicr with using FUN2D tlo geiirrate 
the siniiilatioii rwults. 

Available from: 

NASA Cent,er for AcroSpace Information (CASI) 
7121 St,andard Drive 
Hanover, MD 21076 1320 

National Technical Information Service (NTIS) 
5285 Port, Royal Road 
Springfield, VA 22161-2171 

I (301) 621-0390 (703) 605-6000 



Abstract 
Sirriiil;it,ioii rtwilt,s ol)t,aincd by using FUIV2D for robust airfoil shape opt,imizat ion in t,ran- 
soriic viscviis flow arc iIicliided to show t,hc pot,oIitial of t,hc profil(. opt,iniiz;itioIi Iriet,liotl for 
gmor;itiIig fairly sniooth optiriial airfoils with 110 off-&sign pcrforniancr tlrgradation. 

Nomenclature 

c:hortl lciigt,li of airfoil 

tirag cocfficiciit, 

gradicwt of cd with respect to D 

dcrivat,ivc of (ad with rcqwct, to (r 

lift. cwdficirnt, 

gradicnt, of q wit,li respect, to D 

cierivative of q with respect to (1 

t,argct lift, coefficient, 

dosign vrctm 

nimn of random variable 

feasible set, for the design vert,or D 
frre-stream hlach number 

numl)er of design variablos 

probability density function of Mach niimber 

number of design conditions 

coordinates of point,s on plane 

angle of attack 

minimum rate of drag reduction at  all design conditions 

change in design vector 

scalars defining the trust region 
variaicc of random variable 

a given Mach range 

inner product, in Euclidean space 

Subscripts and Superscripts 

i index for design condition 

li 
k 

index for component, of design vect,or 

index for iteration or iterate 

1 Introduction 
This paper is an extension of reference 1, where the profile optimization method was pro- 
posed to resolve off-design performance degradation problems encountered by multipoint 
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opt.iInizat ion mot hods ( r d .  2). NliIrit~ri(.i\l siiiiiiliit ioii rcwilts givcii in rcf(www 1. though 
wry cwwuraging, JWW not, r(yroswtii ti\-(> of r tdist  ic airfoil s h a p  opt,iniizat,ioii prohkms. 
To st,rc.Iigt,lirn t,hr siiriiilat,ion results in  rc.fiwwc(i 1: we apply t hc. profilc opt,iniizat.iori rnrtliod 
t,o t,wo (‘ases of airfoil slinpe opt,iIiiiziition in transonic viscous flow over a range of hlach 
nllIrll~~?rs. 

The first, case is the redosigIi of t,lie RXE2822 airfoil (ref. 2) over the Mach range from 0.68 
t,o 0.76, with t,he t,argct, lift, at, 0.733 arid Rc’ynolds niim1)er 2.7 x lo6. The second ca.se is the 
redesign of Whit,c*onib’s integral suptw:rit,iciil airfoil (ref. 3) over t,he Mach range from 0.68 
t o  0.77, with the target lift, at, 0.7 and Reynolds nunihr  2.7 x 10‘. Viscous flow analysis and 
tali(> corrvsponding gradient, calculat,ion arc’ based on FUN2D (ref. 4) ,  which can perforIn fully 
turbulent, Navier-Stokes flow analysis and the correspondiIig discrete adjoint analysis with 
unstruct,ured grids. Two spar location t,liickIiess ronst,raiIit,s and t,lic niaxiiiiiini thickness 
constarairit, are enforcwl for l)ot,li airfoil shapt~ optimization cases. Airfoils arc paranieterizcd 
by 35 B-splinc control points. Drlsigii variables are angles of at,t,ack at specified design 
condit,ions and thc y-coordinates of 35 B-spline control points. 

In both cases, the sirnulation resiilt,s sliow t,liat the profile opthization niethod can 
generate fairly realist,ic opt,inial airfoil shapes in transonic viscous flow wit,hout. severe off- 
design performance degradiition, when 4 design conditions and 35 geometric dcsign variables 
are used. 

Bccause t,he purpose of t,liis papw is t,o provide additional sirnulation result,s for the 
profilr optiIriizat,ion method given in refcwncc 1, readers should consult, reference 1 for 
relwant refwencrs arid t,ec.lmical dctails. 

The paper is organized as follows. 111 section 2, we review the profile optimization 
method. Section 3 includes the siniiilat,ioii rt>sults for airfoil shape optimization in t,rarisonic 
viscous flow. Concluding remarks are given in t,he final section. 

2 Profile Optimization Method 
In this section, we l)riefly review the profile optimization method proposed in reference 
1. The profile optimization method is intended to solve the following rohist optimization 
problem: 

subject to 

Here r ; (Al )  is the target lift, reqiiirerricrit, for Mach number M ,  3 is a given feasible set for 
geometric: design variables (that, could be defintd by geometry constraints such as thickness 
constraints), and a ( M )  is the angle of attack corresponding to A I .  The drag arid lift 
coefficients are c d  arid cl, respect,ively. The mean and variance of cd  are defined as 

where p ( M )  is a probability density function of M and 0 is a given Mach range (such as 
from A l  = 0.68 to  M = 0.77). 

The robust optimization niodel in cquation (1) addresses some important issues in aero- 
dynamic shape optimization. For example, to avoid off-design performance degradation, one 
ran reduce a(rd) as niuch as possible. Note that if o ( c d )  = 0, the corresponding solution will 
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IM\.C\ t,hc SRIIIC (1wrhaps poor)  ~ ) ( ~ r f ~ ~ ~ ~ i i i ~ i ( ~ ~  O W I  tall(> giwn hhch Itinge. Thc~rc~forc, oquat,ion 
(1) provides ii t,ool for tradc-offs het,wecn averago pcirforniancc iniprovcni(:nt, and prrfor- 
11ia1ic(~ fliictuat,ions over the h1ac.h rang('. However, tliie t,o t,ho high computational cost, for 
solving IVavier-St,okes equations, it is impossiblc to havci reiisonabl(~ estimates of E ( c ~ )  and 
( ~ ( c d ) .  Consequently, it, is not pract,ical t,o solw equation (1) using currcnt coInputationa1 
fluid dynaniic*s tools. 

On(. alt,ernativr way to avoid off-design performanee degradation is to find il descrnt, 
dirttct,ion that c.ould redim t,hc drag sirnulturreously and pmport iowdly over the given hlach 
rangr whilr kccying thc lift, at, the target, value. The profile optimization niethod was de- 
signed t,o find such a dcscont, direction with limited inforniat,ion on lift and drag over the 
given Mach range, The innovative feature of t,he profile optimization method is to adaptively 
change the object,ive function from it,erat,ion to iteration to achicvr siInult,aneous and pro- 
portional drag reduct,ion over t,hr given h1ac:h range. In contra.st, t o  methods that, niinirriize 
one aggregat,e objective function to find a Paret,o op tha1  solution t,o a Iriiilt,iobject,i\ic. opti- 
mization problem, the profile optimization method does not solve any optimization problem 
with one objctct,ivc function; instead, it, looks for a Pareto optimal solution khat, has the lcast, 
chance for severe off-design performarm degradation. 

Profile Optimization Method. Let, Do be a given initial design vector, let A l l , .  . . , hl, 
be a set of design points over the givcri Mach range, and k = 0. Construct, a sequence of 
design vectors as follows: 

1. Co~npute feasible angles of attack. Find a l . k ,  a 2 , k r .  . . , ~t, .k  such that 

cl(D' ,ai ,k ,hi;)  = c;,; for 15 i 5 T .  

2. Solve a trust region suhproblem. Let c d , i , k  and q , , , k  be the linear approximations of 
the drag and lift at  ( D k ,   ai,^): 

where the derivatives are evaluated at, (Dk, a i . k ,  M i ) .  Consider the following trust 
region subproblem: 

rnin TI subject, to Dk + AD E 3, (4) A n . A a i  

- h i , k p k  5 A D ,  5 h i , k P k  

- a k  5 Arxi 5 a k  

cl , i ,k(AD,Aai)  = ctli 

cd,i.k(AD, Aai) 5 (1 - 17) . cd(Dk ,a i .k ,  AI , )  

for 1 5 i 5 n, 
for 1 5 i 5 T ,  

for 1 5 i 5 T ,  

for 1 5 i 5 T ,  

where 6 i . k  2 0 and a k  > 0 are scalars that, determine the trust region, and D k  + A D  E 
.F means that the airfoil corresponding to ( D k  + A D )  satisfies all the geometric con- 
straints. (For our simulation runs, d i ,k  is approximately the thickness of the airfoil 
at t,he z-coordinate of the i th control point, a k  = 1,  and D" + AD E .F means that, 
the airfoil satisfies two t,liickness constraints at, the spar locations and the maxiniuni 
thickness constraint.) Determine the smallest pk > 0 such that equation (4) is feasi- 
ble and the least, norm solution (4Dk,  & l . k , .  . . , Aa,.k) of equation (4) satisfies the 
following condition: 

cd , i . k (4Dk ,  4 a i , k )  5 (1 - Y m i l l ) ~ d ( D k , a i , k ,  for 1 5 i 5 T .  
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4. Start a ~ i ( w  itrratioii. Uptlatc k by k + 1 and go 1);ic.k to step 1. 

3 Numerical Simulation Results 

WP a.pp1y t,he profile optirriizat,ion Inctliod i I i  t,wo cases of airfoil shape design opt,irnizat,ion 
in transonic viscous flow. The first, cast' is the redesign of t,he R,AE2822 airfoil over tlw Mach 
rang(' from 0.68 to 0.7G. \Ve adopt, t,he four dcsigii conditions u s t d  in  Drc'lil's siniulat,iori 
(wf.  2): A f  = 0.G8, 0.71,0.74, and 0.7G, wit,li tall() t,argct. lift, ilt, 0.733 a11d Rc~yriolds 111111lbt:r 
2.7 x 10". Thc. sc~-o~id  case is the redwig11 of \Vhitc:orril)'s int,egral superc-rit,ical airfoil (ref. 
3 )  over t,hc hl;ich rangc' f ro~r i  0.68 t,o 0.77. In taliis case, we us(' t,he following four design 
coridit,ioris: Af = 0.68, 0.71, 0.74, and 0.77, wit,li t,he t,argc"t lift, at 0.7 and Rvyriolds riumbcr 
2.7 x 10". 

For a given airfoil, t,he lift, and drag coefficicnt,s and their gradients art' c:alculat,ed by 
solving fully turl)ulent Navier-Stokes equations and the corresponding discrot,e adjoint equa- 
tions using FUN2D (ref. 4).  111 both cases, the unst,ruct,ured grid has 300 grid points 011 

thc airfoil and 32 grid points on the far ficM (which is p1a.ce.d at  20 chord Imgths). Thc 
uristIuc:t,iircd grid has il total of 18G5.1 grid points, 55631 elenients, and 37308 faces (see fig. 
1 for the grid near t.he RAE2822 airfoil). 

With the given grid, the flow solver arid the adjoint, solver are t,erminated when the 
2-norms of the residual of the dcrisity equations arid the corresponding discrete adjoint 
equations are retlucod by at  least, five orders of magnitude. 

Airfoils are parameterized by 35 B-spline cont,rol points, which is large enough to ac- 
cornmodatcx free-form geometry changes for hoth cases. Figure 2 shows parameterization of 
thc RAE2822 airfoil arid Whitcomb's iiit,egral supercritical airfoil. 

The :r-c:oordinat,es of all the control points are fixed during optimization. Changes of 
the y-coordinates of the fivti control points near the trailing edge are constrained t,o be 
the same so that, the shape of the airfoil near the trailing edge is riot, too oscillat,ory. The 
same geometry constraint is applied to the :y-coordinates of the three control points near 
the leading edge. The reason for such geometric constraints is that, the optimizer may riot 
be able to make a reasonable modification of t,he shape of the leading or tra.iling edge at 
very fine scales. All the y-coordinates of the 35 control points are used as shape design 
variables. In both ca.ses, we impose a thickness constraint, at  spar locations x / c  = 0.15 and 
x / c  = 0.G and at, the maxinium thickness location. For each iterate D k ,  we find angles of 
attack a l . k , .  . . , a v 3 k  such that, ( c , ( D k , a i , k r  A f i )  - cT.i[/cT.i 5 0.001. 

3.1 

Figures 3 and 4 show the history of drag changes at the design conditions for cases 1 and 2, 
respect,ively. 

Figure 5 shows the postoptimization analysis of drag curve over the given Ma.ch range 
for cases 1 arid 2. The drag rise curves are constructed by using 10 equally spaced Mach 
numbers. from A f  = 0.68 to A I  = 0.77, which include 4 design points and 6 off-design 
points. In both cases, the profile optimization method reduces the drag of the baseline over 
the given h'lach range. Moreover, there is no off-design performance degradation of the 
optimized airfoils. 

Drag Reduction Over the Given Mach Range 
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3.2 Airfoil Shapes 
Tliv optinial airfoils geiieratcd by the profilc optirnizat,ion inethod arc quite snioot,li and 
do not, haw shock 1)unips corresponding to design conditions (i.e., hlach niinibers) . This 
result is different froni the numerical siniulation results obtained earlier by Drela (ref. 2) oii 
multipoint, airfoil optiniization when sinusoidal basis functions wen’ used to  paramcterize 
t,he airfoil shape. Figure 6 shows the optimal airfoils generated by the profile optiniization 
iriethod for cases 1 and 2. 

3.3 Pressure Distributions 
Pressure distributions for the baseline and the opthrial airfoil in both rases are plotted in 
figures 7 and 8. 

4 Concluding Remarks 
This paper documcnts two cases of using the profile optimization method to redesign airfoils 
ovcr a range of Mach nunibers in transonic viscous flow with airfoils parameterized by 35 
B-spline control points. FUN2D (ref. 4) is used to cornputc the lift and drag values and 
their gradients with respect to changes in airfoil shapti and changes in angle of attack. All 
the y-cooidinates of 35 B-spline control points are used by the profile optimization method 
to search for the true optimal solution. With thickness constraints at  two spar locations 
and the maximum thickness constraint, the profile optimization niethod minimizes the drag 
at  four design conditions while keeping the lift at  the target value. The optimized airfoils 
have fairly realistic and smooth shapes. Postoptimization analysis shows that the optimized 
airfoils have no off-design performance degradation. 

The simulation results demonstrate that the profile optiniization method has the poten- 
tial to  be used for real-world airfoil shape optimization over a range of flight conditions. 
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Figurr 1: Grid used t80 solve Navier-Stokes equations by FUN2D. 

4.06 L 1, [ - RAE2822 airfoil 

0 0 1  0 2  03 0 4  0 5  0 6  0 7  0 8  09 1 
w/C 

/ 

- Integral supercritical airfoil1 
-0.06 

0 01 0 2  03 0 4  0 5  0 6  0 7  0 8  0 9  1 
d C  

Figure 2:  RAE2822 airfoil arid Whitcornb’s integral supercritical airfoil parameterized by 
35 cubic B-spline control points. 
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Figure 7: Pressure distribut,ions on RAE2822 and the corresponding optimal airfoil at four 
design conditions with target lift at 0.733. 

, , , I ,  

-I 
f 

~ - Supercrnlcal81rfo1l at M = 0.74 
- Optimal airfoil for case 2 at M = 0 74 

0 0 ,  0 2  01 0 4  D I  0 6  0 7  0 1  o s  3 

x/C 

/1 ' " ' ' ' '  -1 

Figure 8: Pressure distributions on Whitcomb's integral supercritical airfoil and the corre- 
sponding optimal airfoil at  four design conditions with target lift, at 0.7. 
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